Abstract-Tissue engineering presents a strategy to overcome the limitations of current tissue healing methods. Scaffolds, cells, external growth factors and mechanical input are combined in an effort to obtain constructs with properties that mimic native tissues. However, engineered constructs developed using similar culture environments can have very different matrix composition and biomechanical properties. Accordingly, a nondestructive technique to assess constructs during development such that appropriate compositional endpoints can be defined is desirable. Near infrared spectroscopy (NIRS) analysis is a modality being investigated to address the challenges associated with current evaluation techniques, which includes nondestructive compositional assessment. In the present study, cartilage tissue constructs were grown using chondrocytes seeded onto polyglycolic acid (PGA) scaffolds in similar environments in three separate tissue culture experiments and monitored using NIRS. Multivariate partial least squares (PLS) analysis models of NIR spectra were calculated and used to predict tissue composition, with biochemical assay information used as the reference data. Results showed that for combined data from all tissue culture experiments, PLS models were able to assess composition with significant correlations to reference values, including engineered cartilage water (at 5200 cm , R = 0.84, p = 0.005). In addition, degradation of PGA was monitored using specific NIRS frequencies. These results demonstrate that NIR spectroscopy combined with multivariate analysis provides a nondestructive modality to assess engineered cartilage, which could provide information to determine the optimal time for tissue harvest for clinical applications.
Abstract-Tissue engineering presents a strategy to overcome the limitations of current tissue healing methods. Scaffolds, cells, external growth factors and mechanical input are combined in an effort to obtain constructs with properties that mimic native tissues. However, engineered constructs developed using similar culture environments can have very different matrix composition and biomechanical properties. Accordingly, a nondestructive technique to assess constructs during development such that appropriate compositional endpoints can be defined is desirable. Near infrared spectroscopy (NIRS) analysis is a modality being investigated to address the challenges associated with current evaluation techniques, which includes nondestructive compositional assessment. In the present study, cartilage tissue constructs were grown using chondrocytes seeded onto polyglycolic acid (PGA) scaffolds in similar environments in three separate tissue culture experiments and monitored using NIRS. Multivariate partial least squares (PLS) analysis models of NIR spectra were calculated and used to predict tissue composition, with biochemical assay information used as the reference data. Results showed that for combined data from all tissue culture experiments, PLS models were able to assess composition with significant correlations to reference values, including engineered cartilage water (at 5200 cm 21 , R = 0.68, p = 0.03), proteoglycan (at 4310 cm 21 , R = 0.82, p = 0.007), and collagen (at 4610 cm 21 , R = 0.84, p = 0.005). In addition, degradation of PGA was monitored using specific NIRS frequencies. These results demonstrate that NIR spectroscopy combined with multivariate analysis provides a nondestructive modality to assess engineered cartilage, which could provide information to determine the optimal time for tissue harvest for clinical applications.
INTRODUCTION
Osteoarthritis (OA) is a musculoskeletal joint disease that affects an estimated 12% of the United States population. 34 It is characterized by articular cartilage degeneration, advanced stages of which may lead to total loss of joint function and the need for arthroplasty. The limited capacity of articular cartilage to repair and regenerate, due to the lack of blood supply and limited migration of chondrocytes to the defect zone, has resulted in extensive research into the techniques of cartilage development or repair of defective cartilage. 37 Current clinical methods for the replacement or repair of damaged cartilage include microfracture, autograft and allograft transplants and autologous chondrocyte implantation (ACI) procedures, each of which have limitations, for example, limited tissue generation, limited tissue availability for transplant/graft, tissue rejection by the host body, and fibrocartilage development. 15, 20, 41 Disappointment with the long term outcomes of these procedures has stimulated the development of functional engineered replacement tissues through tissue engineering techniques. 19, 37 Studies focused on development of functional engineered cartilage replacement tissues typically involve the loading of a degradable scaffold with chondrocytes or stem cells and growth of the tissue for varied durations. 17, 19 These scaffolds may be constructed from natural or synthetic polymers, for example, collagen, polyglycolic acid (PGA) or hydrogels. 12, 16, 23 The scaffold acts as a substrate for cell adhesion and provides a boundary for the retention of cells. In addition, growth factors and/or mechanical stimulation may be applied to the scaffold/cell system to improve cell differentiation, growth characteristics, and tissue type. 11, 23, 38, 54 Cell membrane receptors play a major role in signalling effects that determine extracellular matrix component deposition. In particular, integrin and sugar receptors bind to culture media molecules (e.g. proteins and sugar molecules in the fetal bovine serum, FBS.), which trigger downstream signalling events, 55, 60 and lead to matrix component synthesis. It has been shown that transforming growth factor beta (TGF-b, present in FBS) is a strong stimulator of proteoglycan and type II collagen synthesis in chondrocytes. Type I insulin like growth factor (IGF-1, also present in FBS) is also considered an essential factor to stimulate proteoglycan synthesis. 21, 22 Ascorbic acid is typically added to chondrocyte culture media to enhance type II collagen content via increased cell proliferation and protein synthesis. It also maintains the chondrogenic properties of the cells and inhibits cell differentiation to other cell types. 33, 52 It has been shown that optimal cartilage function depends on its chemical and mechanical properties and culture duration. 9, 19 Unfortunately, engineered cartilage constructs that are developed using similar materials and cells in the same culture environment demonstrate different physical and biological characteristics, 12, 16 and use of non-optimal constructs for clinical applications can lead to failure and tissue disintegration. 43 Therefore, continuous monitoring of developing engineered cartilage is required to understand the influence of each input, and to determine when a cartilage mimetic construct is ready for implantation. Most characterization methods, e.g. histology and biochemical measurements of hydroxyproline (collagen) and sGAG (proteoglycan), are destructive, and cannot be used to characterize a specific construct during longitudinal development. Although nondestructive assessment of mechanical properties of cartilage is possible using strains as low as 20%, 35 the majority of mechanical testing protocols for cartilage involve irreversible tissue deformation, and are not conducive to being performed in a sterile tissue environment. Nondestructive methods based on magnetic resonance imaging (MRI), 31 optical imaging, 18 ultrasound imaging, 64 and X-ray imaging, 42 are possible alternatives. Many MRI studies have successfully imaged matrix content in tissues, 48 including in engineered constructs. 31, 49 However, optimal methods are still in development, and may not be widely accessible for many tissue engineering labs, due to the high cost of the equipment. Contrast-enhanced micro CT is another option for nondestructive assessment of cartilage PG content. 57 However, this technique requires the addition of an external contrast agent, which would not be compatible with developing engineered constructs. Further, the use of ionizing radiation (e.g. X-ray imaging), still raises concerns about damage to the tissue sample. 3 In the search for a nondestructive minimally invasive technique, infrared-based methods have been developed over the last 15-20 years. Infrared spectroscopy is based on absorbance of infrared light by tissue functional groups at specific vibrational frequencies, 5 and thus, no external contrast is required. Different infrared wavelength (frequency) regions, the mid infrared (MIR) and near infrared (NIR), can be used to evaluate tissue composition. 1, 5, 8, 32 In addition, spectroscopic modalities, including imaging spectroscopy 29, 32, 63 and fiber optic spectroscopy, 1,2,36 have been developed for analysis of harvested or intact samples. Fiber optic MIR spectroscopy is a nondestructive technique that can be used to assess tissue composition and has been established as a method for monitoring cartilage degradation. 27, 63 The MIR spectroscopic technique is hampered, however, by limited penetration depth; nondestructive MIR spectroscopic measurements are only able to probe at most 2-10 lm through a sample 26 making it an inherently surfacebiased technique. Articular cartilage is not a homogenous system and previous studies have shown heterogeneous composition within engineered constructs, including chondrocyte-PGA scaffold constructs. 7 It is clearly desirable to have a nondestructive technique that probes the entire thickness of the construct, and NIR spectroscopy potentially fulfils these monitoring requirements.
NIR spectroscopy is based on higher energy photons than MIR and hence has a greater penetration depth. 2, 6, 45, 47 However, spectral signals observed using NIR spectroscopy are not as specific as those observed using MIR spectroscopy, and analysis of NIR spectroscopic data typically requires more complex methods. Previous MIR studies have successfully characterized cartilage using univariate or bivariate methods, e.g. intensity of proteoglycan peak or the ratio of the intensity of the proteoglycan peak to the intensity of the protein amide I peak. 29, 63 Analytical NIR spectroscopy however, typically requires the utilization of multivariate methods, e.g. principal component analysis (PCA) or partial least squares (PLS) regression. Previous studies in our lab and other research groups conducted on native and engineered cartilage have shown correlations between NIR spectroscopic parameters and cartilage properties. 4, 39 However, previous models for engineered tissues have been made using a single set of tissue engineering samples developed together in a single round of experiments. Ideally, engineered cartilage tissues would be grown in multiple tissue culture experiments, a PLS model derived, and that model utilized to predict composition of all samples from multiple experiments. This would confirm that multivariate analysis of NIR spectra can be applicable to measure cartilage tissue properties from different tissue engineering experiments performed with similar, but not identical, conditions. Presented here is an assessment of NIR spectroscopy for the nondestructive monitoring of development of chondrocyte-PGA scaffolds constructs over culture periods of three separate experiments in similar environments, with a single PLS model developed to predict chemical composition of the engineered tissues. It is hypothesized that a quantitative multivariate model based on NIR spectra can be developed to predict the composition of engineered cartilage constructs, independent of their time in culture. The outcome, when validated with gold standard techniques, presents a nondestructive modality for analysis of developing engineered tissues.
MATERIALS AND METHODS

Engineered Cartilage Constructs
Cartilage constructs were grown in three separate experiments using a protocol based on Vunjak-Novakovic et al. 61 Articular cartilage was harvested from 2 to 14 days old bovine stifle joints (Research 87, Boylston, MA), with two to three knees required for each experiment. Tissues were digested in a spinner flask containing 250 U/mL type II collagenase (Worthington Biochemical, Lakewood, NJ), 99 ml DMEM (Life Technologies, Grand Island, NY), 1 ml penicillin/streptomycin (10,000 U/mL penicillin, 10,000 lg/ml streptomycin, (Life Technologies), and 0.2 ml fungizone (250 lg/ml amphotericin B and 205 lg/ml sodium deoxycholate, Life Technologies). Spinner flasks were incubated at 37°C and 5% CO 2 for 12 h. Chondrocytes were isolated from the digest solution by filtering through 70 lm sterile nylon filter and centrifugation at 10009g. The cell pellet was collected, reconstituted in 19 phosphate buffered saline (Life Technologies), and cells counted using a hemocytometer.
PGA scaffolds (Biomedical Structures LLC, Warwick, RI) were cut out from non-woven felt at 2 mm thickness and 5 mm diameter and mounted on 14 gauge syringe needles fixed in a 250 ml spinner flask (Bellco Glass, Vineland, NJ). The spinner flask was filled with 200 ml of DMEM based media containing 9% v/v fetal bovine serum (Hyclone labs, Inc., Logan, UT), 2 mM glutamine, penicillin (88,000 U/L), streptomycin (88 mg/L), 440 lg/L amphotericin B, 360 lg/ L sodium deoxycholate, 44 mg/L gentamicin, 150 lM L-ascorbic acid-2-phosphate, 19 non-essential amino acids (MEM Non-Essential Amino Acids Solution, Life Technologies), and 350 lM of L-proline (all from Life Technologies or Sigma Aldrich, St. Loius, MO). Chondrocytes were loaded onto PGA scaffolds (n = 18, 18 and 24 for cultures 1, 2 and 3, respectively); this was done by immersing the PGA scaffolds in a chondrocyte media solution with a concentration of approximately 20 million cells per scaffold and incubating for 72 h (37°C, 5% CO 2 ). Seeded scaffolds were then removed from the spinner flasks and placed in glass bottomed 6-well tissue culture plates (one scaffold per well) (day 0). Glass-bottom well plates (In Vitro Scientific, Sunnyvale, CA) were used due to the absence of absorbance in the NIR spectral region. The same culture media used in cell loading was added to each well, 5 ml, and scaffolds were incubated at 37°C and 5% CO 2 . Culture media was replaced every 2-3 days. Cartilage constructs were harvested on day 7 (1 week), 14 (2 weeks), and 21 (3 weeks) for Experiment 1, day 21 (3 weeks) and 42 (6 weeks) for Experiment 2, and day 21 (3 weeks) and 42 (6 weeks) for Experiment 3. The total number of samples for each harvest day across all three cultures was; Day 7: n = 6, Day 14: n = 6, Day 21: n = 24, and Day 42: n = 24. There are fewer samples for days 7 and 14 as these timepoints were added later in the study. Nevertheless, appropriate statistical analyses were performed to account for sample size variations. Samples were weighed at each harvest day (wet weight), and thickness measured with a calliper. Constructs were then soaked in protease inhibitor (Sigma Aldrich) and frozen at 220°C before further biochemical analysis.
Near-Infrared Spectroscopy
Diffuse reflectance NIR spectra were collected during each media change when the construct was not in the culture media (to minimize external water absorbance) using a Remspec (Charlton, MA) NIR probe coupled to a matrix-F spectrometer (Bruker Optics, Billerica, MA) using OPUS software v.5.5 (Bruker Optik GmbH, Ettlingen, Germany) (Fig. 1) . Background spectra of air were collected using a mirror and sample spectra were collected by positioning the probe 2 mm above the cartilage construct with the well plate placed on a mirrored surface. Each sample spectrum collected was the sum of 128 co-added scans across the spectral range of 10,000-4000 cm 21 with a spectral resolution of 8 cm 21 , and was ratioed to a background spectrum. Three NIR spectra were collected from each construct on each day. NIR spectral data were also collected from a segment of 3 mm thick bovine cartilage for comparison to the engineered constructs.
NIR Data Pre-processing and Multivariate Data Analysis (PLS)
NIR spectra were analyzed using Unscrambler X (CAMO Software, Oslo, Norway). Three spectra per construct were collected and averaged prior to data processing. Spectra were pre-processed with an extended multiplicative scatter correction (EMSC), 51 followed by area normalization and second derivative processing with a 41 and 83 point Savitzky-Golay smoothing window 50 for water content analysis, and proteoglycan (PG) and collagen content analysis, respectively. Second derivative peak heights at 5200 cm 21 were used to monitor the combined bound and free water content of each construct. 46 Based on previous literature indicating that the NIR absorbances at 4610 and 4310 cm 21 reflect collagen and chondroitin sulfate (proteoglyclan, PG), respectively, 47 second derivative peak heights at these wavenumbers were used as a measure of these matrix components. The second derivative peak height at 4200 cm 21 , an absorbance unique to PGA, was used to assess PGA degradation. 56 To assess the reproducibility of the triplicate NIR measurements for individual samples, a coefficient of variation (CV) was calculated for the second derivative peak heights related to water and collagen content at 5200 and 4600 cm 21 respectively. The relevant peak heights were assessed for three spectra collected from an individual construct at 15 time points from Day 1 to Day 42. The CV was calculated as:
Pre-processed NIR spectra from all three tissue culture experiments were used to calculate a PLS model in the 8000-4000 cm 21 range (optimized based on investigation of several spectral ranges) using leave one out cross validation. 13 Chemical composition information obtained from biochemical assays and gravimetric measurements were used as the reference content for PG, collagen, and water in the PLS models. The PLS analysis approach finds linear combinations of the predictors (factors) to predict the response values. The number of factors for each model was determined by examining loading weights and comparison of the root mean square error of calibration (RMSEC) and cross validation (RMSECV). 13 The quality of the model was evaluated based on the root mean square error of calibration (RMSEC) or cross validation (RMSECV) (as a percentage of the range of data), and the R 2 of actual vs. predicted values.
Biochemical Analyses
After gravimetric measurement of wet weight, samples were lyophilized for 24 h and weighed to obtain dry weight. Water percentage was calculated as the difference between the wet and dry weights expressed as a percentage of the wet weight. Lyophilized cartilage constructs were then digested with 1 mg/mL proteinase K (Sigma Aldrich) in tris-HCl buffer (50 mM tris-HCl and 1 mM CaCl 2 , pH 8) at 55°C and the digests were stored at 220°C (construct digest solutions).
Sulfated glycosaminoglycan (sGAG) content (reflecting PG content) was determined using a dimethylmethylene blue (DMMB) assay.
14 Briefly, 1,9-DMMB (pH 3) (Sigma Aldrich) was added to the digest solution at 10-1 ratio and absorption recorded at 525 nm using a Tecan plate reader (Tecan Systems Inc., San Jose, CA). A series of chondroitin sulfate (Sigma Aldrich) solutions with known concentrations were used to plot a standard curve (absorbance vs. concentration) and the concentration of sGAG in the samples was calculated using the standard curve equation.
Hydroxyproline content (reflecting collagen content) was determined using a chloramine-T based assay. 30 Construct digest solutions were hydrolysed FIGURE 1. NIR probe data collection from engineered constructs.
using 6 M HCl (1:2 ratio) at 110°C for 18 h. Then, hydrosylate samples were neutralised with 6 M NaOH, decolorized using activated carbon, and subsequently treated with chloramine-T (3:2:5 1-propanol:water:citrate buffer, 15 mM chloramine-T) and Erlich's (47:37:16 1-propanol:water:perchloric acid, 160 mM pdimethylaminobenzaldehyde) reagent. A series of cis-4-Hydroxy-D-proline (Sigma Aldrich) solutions with different concentrations were used to calculate a standard curve. Absorbance at 550 nm was measured using a Tecan plate reader. The concentration of hydroxyproline in the samples was calculated using the standard curve equation. Hydroxyproline content was converted to collagen content using a factor of 10.
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Biochemical assay measurement of sGAG, as a representative of PG concentration in the engineered cartilage, is referred to as PG content of constructs throughout this work. Collagen and PG content obtained from biochemical assays were normalized to construct wet weight.
Statistical Analysis
SigmaPlot 12.0 (Sysstat Software, San Jose, CA) was used to calculate average values and standard deviations, and for statistical analysis. Significant differences among average values were analyzed using two way Analysis of Variance (ANOVA) for comparisons among time and culture, and using one way ANOVA for comparisons among time only. Post-hoc comparisons were performed with significance set at p < 0.05. A Pearson correlation was performed to assess correlation of measured and predicted values from the PLS models, and between NIR-determined values and biochemical parameters.
RESULTS
Engineered Constructs
Cartilage construct thickness more than doubled tõ 4.5 mm after one week of growth, and then increased to~5 mm by 3 weeks (Fig. 2) . Cartilage constructs were significantly thicker compared to initial PGA scaffolds at all timepoints. A visible color change from white (pre-culture) to red (3 weeks) to light pink (6 weeks) was seen in cartilage constructs during their growth (Fig. 2) , likely attributable to the relative amount of nutrient-rich media present in the constructs.
Gravimetric Water and Biochemical Assays
The culture duration and the specific culture experiment impacted water, PG, and collagen content (Fig. 3) . The average PG and water content generally increased over time, but collagen increased over time only in Experiment 1, from 1 to 3 weeks. There was no significant increase in matrix parameters between 3 and 6 weeks for Experiments 2 and 3, indicating the matrix content was maximized by the 3 week timepoint. However, within each experiment, for a separate timepoint, the construct composition exhibited a range of values, as reflected in the standard deviations (Fig. 3) .
NIR Spectroscopy
Representative NIR spectra obtained from Experiment 2 constructs are shown in Fig. 4 . A NIR spectrum of bovine native cartilage is also shown for comparison. Similar to native cartilage, the NIR spectra of tissue engineered cartilage constructs are dominated by peaks associated with water molecule vibrations at approximately 7150 and 5200 cm 21 ( Fig. 4a) , and band broadening is observed with construct growth over time. Second derivative spectra are used to visualize the specific peaks that underlie the broad bands in the raw NIR spectra (Fig. 4b) . Except for the PGA peak at~4200 cm 21 , which is not present in the native cartilage, the overall contour and peak positions of the engineered constructs and native cartilage spectra are similar. The CV of the triplicate NIRS measurements for individual constructs was fairly narrow, ranging from 0.36% to 3.48% (average = 1.76%) for the 5200 cm 21 water measurement, and from 0.59% to 4.90% (average = 3.24%) for the 4610 cm 21 collagen measurement. The average intensity of the water peak measured at 5200 cm 21 changes with construct growth (Fig. 5a ), reflecting changes in water content. Except for the samples in Experiment 1 grown for 1 and 2 weeks, the NIR-determined water content generally increased with cartilage development. Over time, cartilage matrix components replaced PGA, a biodegradable scaffold, and the NIR-determined PGA content decreased. Similar to the biochemical measurements, there were no significant NIR-determined increases in matrix parameters between 3 and 6 weeks, indicating the matrix content was maximized by the 3 week timepoint. The exception to this was NIR-determined PG content, which did increase significantly from 3 to 6 weeks (Figs. 5b-5d) . Accordingly, significant correlations were found between the NIR-measured , and collagen (c) content assessed using gravimetric measurements and biochemical assays for constructs in culture Experiments 1, 2, and 3. Construct composition varied with culture duration and with the specific experiment, although all constructs were grown using the same conditions. *Significant difference among values at different timepoints in a specific experiment, or between different experiments at the same timepoint (p < 0.05).
parameters and gravimetric/biochemical assessments of water and collagen (R = 0.62 and p = 0.04, R = 0.79 and p = 0.01, respectively), and a nearly significant correlation with PG content (R = 0.46, p = 0.06).
PLS Model and Matrix Component Prediction
A summary of the PLS models is shown in Table 1. The models were calculated based on the NIR spectra as variables (X) and the matrix component content (water, collagen, PG) as the response (Y). The concentrations predicted by the PLS models were plotted vs. the actual measured values from the biochemical assays and water content measurements (Fig. 6) . The errors for the calibration and validation of the models for individual components fell within the 6-9% range, and resulted in significant correlations to the experimental measured values of water content (R = 0.68, p = 0.03), PG (R = 0.82, p = 0.007), and collagen (R = 0.84, p = 0.005). 4. NIR raw spectra (a) and second derivative spectra (b) of engineered cartilage constructs from Experiment 2 as a function of time showing the water absorbance dominance and peak broadening. A spectrum from native cartilage of similar thickness is included for comparison. Spectral details are resolved using second derivative spectra, and peaks reflecting specific matrix and water components are noted with dashed lines. Peaks at 4200, 4310, and 4610 cm 21 reflect PGA, PG and collagen respectively, while the peaks at 5200 and 7150 cm 21 arise from water.
DISCUSSION
The data presented here are in accord with the results of several other studies where it has been shown that engineered cartilage tissues developed using the same protocol do not grow uniformly, and can exhibit a range of compositional properties. 12, 16, 40 This could be particularly challenging to address during two stage clinical cartilage repair procedures, such as autologous chondrocyte implantation (ACI), or matrix-induced ACI (MACI). For these procedures, patient cartilage is harvested, cells isolated, proliferated and seeded with growth factors and/ or on a scaffold, typically for a pre-determined amount of time prior to implantation. 58 The optimal repair technique has not yet been established, and it is likely that in addition to finding the optimal material, identification of the ideal time for growth and implantation of an individual construct is a key factor in augmenting tissue repair. This motivates development of nondestructive analytical techniques, such as NIR spectroscopy, for in situ evaluation of construct properties during growth. Based on biochemical measurements, PG and collagen content of engineered constructs developed in three separate experiments showed significant differences in the experimental values among samples grown for the same amount of time in different experiments, and variation in content among tissues grown in the same experiment. While it has been shown that external stimulation, such as mechanical force, will increase matrix component production by chondrocytes, here, as in previous studies with this PGA scaffold, mechanical stimulation was not required for matrix production. 61 There were two approaches to NIR spectral assessments of composition, evaluation of specific frequencies associated with water and matrix components, and calculation of multivariate analysis models, where many frequencies are evaluated simultaneously. Using peak heights at specific frequencies, similar, but not identical results, compared to the biochemical results, were achieved (Figs. 3 and 5) . The standard deviations of the measurements for the two techniques were generally similar, and the values correlated significantly, except for PG content. The NIR spectral data indicated that the Experiment 1 PG values were greater than those for Experiment 2 or 3, while the biochemistry data indicated that the Experiment 1 PG values were lower compared to the other two. There are several possibilities for the discrepancy in these measurements, but the fact that the biochemistry is an sGAG measurement, while the NIR measurement was developed based on chondroitin sulfate, 47 is likely a contributor. In addition, evaluation of just one frequency from NIR spectra is generally not as reliable as multivariate analyses, which is the standard in industrial and research applications. 13 The multivariate analysis PLS models presented in the current studies resulted in strong correlations with collagen and PG content, and with a lower, although still significant, correlation between measured and predicted water content. The lower correlation with water is likely attributable to the presence of media on the surface of constructs, as constructs needed to be kept moist while NIR spectral data were collected.
One limitation of using PLS methods is that many samples are required to construct the models initially. Ideally, the models would be constructed using one set of spectral data, and another data set would be used for independent prediction. In data sets such as those in the current study, where there are not enough spectra to separate out an independent prediction set, the cross-validation method is well-accepted for model development. 13 To translate the NIR methodology to widespread use for nondestructive assessment of a specific type of cartilage construct, data from several more experiments would be collected, and a larger database of spectra, ideally from greater than 50 samples from each timepoint, 10 would be collected. This technology could also be applied to development of multivariate analysis models of other engineered tissue types where extracellular matrix is deposited and a scaffold is remodelled, such as in skin, bone, and cardiovascular constructs, with collection of NIR data from the appropriate number of samples.
Currently, there are no nondestructive techniques in use for evaluation of engineered cartilage construct matrix prior to implantation. However, one current approach for optimization of engineered cartilage is found in ChondroCelect (Tigenix, Leuven, Belgium), a cell-based therapy approved for use in Europe that uses a gene expression score to assess construct development. 53, 59 This procedure, termed ''characterized chondrocyte implantation (CCI)'', involves expansion of chondrocytes based on expression of a gene marker profile predictive of the capacity to form hyaline cartilage, a process which aims to optimize individual batches of cells harvested from a patient. Although results from early repair were encouraging, at five years posttreatment, the clinical outcomes for CCI and MF were comparable. Thus, enhancement of an aspect of construct quality in vitro, in this case cells specifically selected for gene markers related to hyaline cartilage, did not necessarily translate into improved clinical outcome.
Although information on water and matrix composition, and on scaffold degradation, can be evaluated with NIR spectral data, information on cell type is not currently available. Previous work has shown that dedifferentiation of chondrocytes occurs in the PGA culture environment used here, and can result in formation of fibrous tissue around the construct perimeter, primarily composed of type I collagen, in addition to type II collagen-rich hyaline cartilage. 61 The NIR fiber optic probe modality has not been investigated for its sensitivity to collagen type, and at this point, evaluation of NIR spectral data does not yield insight into specific compositional variations at the cell or collagen-type level. However, recent studies have shown sensitivity to collagen type with mid infrared spectroscopy, in both imaging 29 and fiber optic 28 modes. As mid infrared spectral data arises from surface evaluation only, this technique is not optimal for investigation of heterogeneous full-depth engineered constructs or repair tissue. 44 Numerous studies have shown that repair of cartilage defects proceeds with the occurrence of fibrocartilage rich in type I collagen along with type II rich hyaline cartilage, and to date, clinical imaging modalities have not optimized differentiation of these two tissue types. 29 If future investigations demonstrate the sensitivity of NIR spectral data to collagen types, this would be valuable for assessment of developing constructs in the lab, as well as for in vivo clinical evaluations.
In spite of the promising results presented, there are limitations to the use of the NIR technique. While the models developed provide compositional information on engineered constructs, further analysis is needed to determine whether the NIR-determined parameters correlate with mechanical properties of the constructs. An additional limitation is that even though NIR probe spectroscopy provides compositional information through the full depth of the tissue, it cannot be used in a confocal mode. Thus, three dimensional, layer by layer analysis of tissues is not possible. It is conceivable, however, that the NIR technique could be combined with other imaging methods to increase the understanding of engineered construct development. As an example, Gurjarpadhye et al. developed an optical coherence tomographic (OCT) technique, a catheter-based nondestructive method for assessment of engineered vascular grafts. 24, 25 A similar approach could be developed in combination with NIR, where OCT is used to obtain a three dimensional view of the tissues, and NIR spectra extracted from different regions, guided by OCT images.
The possibility of one modality that can be used in vitro during laboratory experiments of developing tissues to assess composition, as well as after the tissues are implanted clinically, is very appealing. Together, the data presented here strongly support the continued development of near infrared spectral analysis as a nondestructive modality for engineered construct assessment.
